Introduction
Graves' hyperthyroid disease is a common autoimmune condition that results from pathogenic autoantibodies to the thyrotrophin hormone receptor (TSHR), which act as agonists for the receptor to mimic the hormone TSH [1] . The disease is accompanied frequently by extrathyroidal manifestations such as Graves' orbitopathy (GO) [2] . Naturally spontaneous models of Graves' hyperthyroid disease are not available as the illness is uniquely human, although recently a transgenic model in NOD.H2h4 mice overexpressing human TSHR A-subunit in the thyroid that develops spontaneously thyroid-stimulating antibodies (TSAbs) specific for the human receptor has been described [3] . Animal models of autoimmune conditions have proved useful to study the immunological basis of autoimmunity and evaluation of novel therapeutic approaches for the treatment of disease [4, 5] . We have reported recently the development of a robust and reproducible model of experimental Graves' disease with GO in female BALB/c mice by immunization using electroporation with plasmidencoding heterologous human TSHR ectodomain (human TSHR A-subunit) [6] [7] [8] . Another efficient murine model of Graves' disease uses recombinant adenovirus encoding either the human TSHR holoreceptor or the A-subunit for the induction of autoimmune hyperthyroidism [9, 10] . In this model, prolonged regular immunization throughout several months also leads to the development of GO [11] . In the models of autoimmune hyperthyroidism induced by delivery of human TSHR A-subunit cDNA, the induced pathogenic stimulatory antibodies to human TSHR crossreact with endogenous mouse TSHR in vivo to induce disease. There is a high degree of amino acid homology (> 87%) between mouse and human TSHRs, which explains the cross-reactivity of induced anti-human TSHR antibodies with the endogenous mouse receptor for induction of disease. However, despite the high sequence homology in TSHR between these two species, immunization of mice with the homologous mouse TSHR A-subunit with adenovirus does not lead to induction of autoimmunity to the self-antigen [12] . These results suggest that immune tolerance to the mouse TSHR is robust in wild-type mice and not easily breached to promote autoimmune disease. One early study has reported the use of cellular delivery of mouse TSHR or purified mouse recombinant receptor protein to induce self-autoimmunity with features of Graves'-like disease, but the model remains to be capitalized [13] .
Other studies have used genetic models to overcome self-tolerance to mouse TSHR to develop an experimental self-antigen model of Graves' hyperthyroid disease. In these studies, TSHR knock-out (KO) animals, where the TSHR has been deleted genetically, do not develop self-tolerance to the receptor. Immunization with adenovirus expressing mouse TSHR A-subunit leads readily to induction of antimouse TSHR antibodies but, naturally, the immune animals cannot respond to the pathogenic antibody as they lack endogenous receptor. For disease induction, adoptive transfer of spleen cells from immune KO animals to T celldeficient mice expressing endogenous TSHR was sufficient for the onset of self-autoimmunity with features of Graves' disease and orbital inflammation [14] . Another study has reported a self-antigen TSHR model of Graves'-like disease using a variant of mouse TSHR where exon 5, coding for 25 amino acids (mouse TSHR739), is deleted, but the onset of GO was not examined in the study [15] .
In the present study, we show that immunization by electroporation of mouse TSHR A-subunit plasmid in female BALB/c mice is sufficient to break self-tolerance and leads to the successful development of a faithful model of Graves' thyroid disease and accompanying GO.
Materials and methods

Construction of pTRiEx1.1 neo-mouse TSHR A-subunit plasmid
Mouse TSHR A-subunit gene coding for amino acids 1-289 (including the signal sequence) was synthesized as a synthetic gene with mouse codon optimization with added Kozak sequence and RNA instability motif to improve translation, with BamH1 and Not1 cloning sites for inframe cloning into the multi-system expression plasmid, pTriEx-1.1-neo [7] . For plasmid cloning of the synthetic gene, the human TSHR A-subunit gene was excised from pTRiEx1.1 neo-human TSHR A-subunit plasmid [7] by BamH1 and Not1 digestion and replaced with the mouse TSHR A-subunit gene. The cloned mouse TSHR A-subunit gene in the recombinant plasmid was sequenced fully to verify faithful sequence. The construction of the synthetic mouse TSHR A-subunit gene, plasmid subcloning steps and DNA sequencing was undertaken by GenScript USA, Inc. (Piscataway, NJ, USA).
The control pTRiEx1.1 neo-b-Gal plasmid was available from our previous study [7] . All plasmids were grown by transformation of Escherichia coli XL-1 blue competent cells. Plasmids were purified with Qiagen Giga Prep kits (Qiagen, Valencia, CA, USA) to yield mg quantities. The plasmid constructs used in this study are referred to as mouse TSHR Asubunit plasmid and control b-Gal plasmid.
Mice
BALB/c mice were bred and housed in a specific pathogenfree environment in animal care facilities at University Hospital Essen. Investigations involving animals were approved by the institutional ethics animal committee of North Rhine Westphalia State Agency for Nature, Environment and Consumer Protection, Germany. At the age of 6-8 weeks, mice were immunized as described [7, 8] . Briefly, female BALB/c mice were immunized by intramuscular (i.m.) injection and electroporation of 50 mg (1 mg/ml) plasmid into each biceps femoris muscle four times, 3 weeks apart. A total of 15 animals were immunized with pTRiEx1.1 neo-mouse TSHR A-subunit plasmid and 17 animals with control b-Gal plasmid. Mice were monitored for disease development by almost daily examination (5-6 days a week) of eye signs during immunizations for 6 weeks after the last immunization. The disease was divided into three stages: initiation/early onset (red eyes and lids, proptosis, swelling of the lid) acute (upcoming pus in one or both eyes) and chronic (persistent symptoms for at least 5 days). Animals were weighed every 3 weeks. After killing, blood was collected from inferior vena cava puncture and serum stored aliquoted at 2808C.
Transfection of plasmid and Western blotting
For transfection of plasmid wild-type Chinese hamster ovary (CHO) cells were transfected with pTRiEx1.1 neomouse TSHR A-subunit plasmid (1 mg) with FuGene and grown for 72 h. Transfected cells or stably transfected mouse TSHR CHO cell cultures were lysed as described previously [16] and 70 mg total cell lysate was subjected to 7Á5% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to nitrocellulose. Western blotting was performed with goat anti-TSHR polyclonal antibody (1 : 200; Bioss GmbH, D€ usseldorf, Germany) overnight at 48C, detection with horseradish peroxidase (HRP)-labelled anti-goat immunoglobulin IgG (1 : 5000; Sigma-Aldrich, St Louis, MO, USA) and enhanced chemiluminescence (ECL; GE Healthcare, Chicago, IL, USA).
Assessment of thyroid disease and GO
Total thyroxine (T4) was measured using 50 ml serum by enzyme-linked immunosorbent assay (ELISA) (DRG Diagnostics GmbH, Marburg, Germany). Serum antibodies to TSHR were measured using human TRAK assay, which uses luminescence-labelled (acridium derivative) bTSH as competitor (Thermo Fisher BRAHMS TRAK Human LIA; Thermo Fisher, Waltham, MA, USA) with 100 ml diluted serum (diluted 1 : 3 with normal human serum). TSAbs were determined from 3 ml serum in stably transfected mouse TSHR CHO cells [17, 18] and cyclic adenosine monophosphate (cAMP) in the supernatants measured by the ELISA kit (Enzo Laboratories, Farmingdale, NY, USA) [7] .
Thyroid and orbital pathology
Microsurgical excision of thyroid and one orbital tissue was performed and tissue fixed in buffered formalin and paraffin-embedded. The second orbital tissue was used for isolating and growing in vitro low passage cultures of orbital fibroblasts and stored frozen in liquid nitrogen. Sections of 1 mm were then cut and stained using haematoxylin and eosin (H&E) (thyroid glands and orbits) and PicroSirius red for collagen deposition (orbits only). Sections were deparaffinized and stained for 10 min in Weigert's iron haematoxylin solution for 10 min, followed by PicroSirius Red solution for 60 min. PicroSirius red staining of slices was analysed quantitatively with CellProfiler. All orbits were examined at the anterior, middle and posterior areas. All thyroid and orbital sections were analysed blindly.
Immunohistochemistry for detection of orbital infiltrating leucocytes and cytokines
Consecutive slices of orbital tissue from the middle area were stained for F4/80, CD3 and uncoupling protein-1 (UCP-1) with the HRP-conjugated polymer system (Zytomed, Berlin, Germany), as described previously [8] . Total fat area and UCP1-positive stained adipose tissue were determined with ImageJ software (National Institutes of Health, Rockville, MD, USA). F4/80 and CD3-positive cells were counted in muscle, perineural connective tissue and fat tissue of one entire slide of the middle area. Images were generated using an Olympus BX51 microscope (Olympus, D€ usseldorf, Germany). Numbers of cells were normalized per mm 2 .
Magnetic resonance imaging (MRI)
From the group of immunized animals, five animals were selected randomly from each group (mouse TSHR A-subunit plasmid and control b-Gal) for MRI. At least 48 h before MRI, animals were injected intravenously (i.v.) with 300 ml perfluorocarbon (PFC). PFC is ingested avidly by macrophages and monocytes to visualize areas of inflammation by 19 F MRI [19, 20] . Final MRI in immune animals was performed 6 weeks after the last immunization, after which they were killed. Data were recorded on a Bruker AVANCE IIIV R 9.4T wide-bore NMR spectrometer driven by ParaVision V R 5.1 (Bruker, Rheinstetten, Germany). Mice were anaesthetized with 1Á5% isoflurane and maintained at 378C. Vital functions were supervised with a pneumatic pillow and monitored by a M1025 system (SA Instruments, Stony Brook, NY, USA). Data acquisition and analysis were carried out in a nonblinded fashion by an experienced investigator (with more than 25 years' practical knowledge in experimental MRI). For acquisition of anatomical reference images, a multi-slice T2-weighted turbo spin echo (TSE) sequence was used with an in-plane resolution of 50 3 50 mm 2 and a slice thickness (ST) of 0Á5 mm. The slice package covered the entire orbit for analysis of different tissue types (muscle, adipogenesis, nerve and all anatomical structures). After the acquisition of all 1 H data sets, the resonator was tuned to 19 F, and morphologically matching 19 F MR images were recorded. Inflammatory foci were determined from 19 F MR images by planimetric analysis of PFC signals using the return on investment (ROI) tool of ParaVision V R (Billerica, MA, USA). The full experimental protocol took 60-90 min and was well tolerated by all mice, which recovered from anaesthesia within a few minutes with all animals surviving the procedure.
Statistical analyses
Statistical analyses were performed using GraphPad (Prism 7). The level of significance was set at P < 0Á05. Statistical analyses carried out with two-tailed Student's t-tests with a confidence level greater than 95%. Data are presented as arithmetic mean 6 standard error of the mean (s.e.m.). Pvalues are marked with stars representing *P < 0Á05; **P < 0Á01; ***P < 0Á001 and ****P < 0Á0001.
Results
In-vitro expression of pTRiEx1.1 neo-mouse TSHR A-subunit plasmid irregular migration on SDS-PAGE gels [21] . Examination of mouse TSHR A-subunit protein expression by transfection of the plasmid into CHO cells and Western blotting showed a specific band co-migrating at approximately 41 kD, which was absent in lysates from control wild-type CHO cells (Supporting information, Fig. S1b, lanes 1 and 2, respectively). The 41 kD band represents mouse TSHR A-subunit most probably with all four N-linked sites glycosylated [21] . The data show that the pTRiEx1.1 neo-mouse TSHR A-subunit plasmid results in high protein expression of the mouse receptor in in-vitro transfection studies and suitable for use as an immunogen for in-vivo expression of the receptor.
Antibody in mouse TSHR-immunized animals
Female BALB/c mice were immunized by electroporation with pTRiEx1.1 neo-mouse TSHR A-subunit plasmid, as described in our earlier studies with the heterologous human TSHR A-subunit plasmid that provides a robust model of experimental GO [7, 8] . As controls, animals were immunized with b-Gal plasmid. Serum was assessed for anti-mouse TSHR responses when animals were killed 6 weeks after the end of immunization. Measurement of TSAbs using transfected mouse TSHR CHO cells showed significant positivity in serum from the mouse TSHR Asubunit plasmid-immunized group compared to the control b-Gal group (P < 0Á0001) (Fig. 1a) . Next, we determined if anti-mouse TSHR antibodies induced in mouse TSHR plasmid immunizations cross-react with human TSHR. In the first experiment, we assessed TSH binding inhibiting immunoglobulins (TBII) using commercial TRAK kits, where captured human TSHR serves as an antigen for binding luminescence-labelled bTSH as tracer. The results show that antibodies generated to mouse TSHR fail to inhibit the binding of labelled tracer to human TSHR and hence fail to recognize the human receptor. In contrast, serum samples from human TSHR A-subunit plasmidimmunized animals (from a different study) used as controls in the same experiment show > 80% inhibition of tracer binding in the assay (Fig. 1b) . To confirm these results further, we tested the anti-mouse TSHR antibodies for TSAb activity in stably transfected human TSHR CHO cells and showed no measurable cross-reactivity to human TSHR (Fig. 1c) . However, when the anti-mouse TSHR antibodies were evaluated for TSAbs in stably transfected mouse TSHR CHO cells, 11 of 14 immune animals showed significant stimulating antibodies (Fig. 1d) . Nevertheless, TSAb activity was weak, consistent with no changes in serum total thyroxine 4 (TT4) levels and indicative of the absence of endocrine biofunction, despite the pathological effects observed in the thyroid glands. Overall, these findings indicate that anti-mouse TSHR antibodies induced by mouse TSHR A-subunit plasmid immunizations are highly specific for the self-antigen with minimal cross-reactivity.
Conversely, anti-human TSHR antibodies induced by human TSHR A-subunit plasmid immunizations are crossreactive with mouse TSHR.
Thyroid histology in mouse TSHR A-subunit-immunized mice
Thyroid gland sections were examined blindly by a reader unaware of the immunization scheme. Mouse TSHRimmunized animals showed predominantly hyperplastic thyroids characterized by cuboid cylindrical follicular cells with a small amount of colloid (seven of 15 animals), with only one gland with hypothyroidism features characterized by thin follicles (one of 15 animals). The remaining thyroid glands from immune animals showed a histologically normal appearance, similar to control bGal-immunized animals (Fig. 2a) . There was no evidence of follicular destruction, fibrosis or lymphocytic infiltration in any of the thyroid glands ( Fig. 2b-d) . Most probably as a consequence of 'hyperthyroidism', the mTSHR-immunized mice showed an increase in heart size (Supporting information, Fig. S2a ), as reported earlier for the adenovirus model [11] , while body weights were stable (Supporting information, Fig. S2b ). However, despite the activated thyroid follicular cells and increased size of the heart in mouse TSHR A-subunit plasmidimmunized animals, the mean TT4 levels were not elevated and not different from control b-Gal plasmid-immunized mice (Supporting information, Fig. S3 ).
Orbital histopathology and MRI of mouse TSHR A-subunit-immunized mice
Orbital inflammation examination by MRI. We first examined for signs of orbital inflammation in live animals by 1 H/ 19 F MRI in five randomly selected immune animals undergoing experimental GO at 23 days before killing at 6 weeks after the end of immunization (Supporting information, Fig. S4a,b) . 19 F MRI showed increased orbital inflammation in mouse TSHR-immunized mice compared to control animals (Fig. 3a, Supporting information, Fig. S4c,d ) and 1 H MRI showed increased deposition of adipose tissue around the optic nerve (Supporting information, Fig. S4e,f) .
Examination by IHC. Additional studies on inflammation in diseased orbital tissues was performed in H&E-stained sections. Compared to orbits from control b-Gal animals which show a normal appearance, all orbital tissues from animals undergoing GO showed histological abnormalities. Monocytes/macrophage infiltrate in orbital adipose tissue and skeletal muscle was also confirmed by F4/80 immunostaining (Fig. 3b,d,e) . Quantitation of F4/80 infiltrating cells in the entire orbits of mouse TSHR A-subunitimmunized orbital tissue gave a significant increase in the number of inflammatory cells (Fig. 3b) , located mainly in orbital muscle and optic nerve tissue (Fig. 3d,e ). In contrast, adipose tissue in the orbits showed a low abundance of F4/80 cells in animals undergoing GO and similar in numbers to control b-Gal animals (Fig. 3d) . We also quantified the abundance of inflammatory CD3-positive T cells by immunohistochemistry (IHC), showing a significant increase in orbital tissues in GO animals compared to control b-Gal animals (Fig. 3c,f,g ). The data provide evidence of substantial inflammatory infiltrate in orbital muscle and optic nerve tissue in animals undergoing GO, while orbital fat tissue showed no difference of inflammatory signs in comparison to control b-Gal animals.
Orbital adipogenesis. The extent of orbital adipogenesis in diseased animals was measured by MR imaging, without measurably significant differences in the content of orbital fat tissue in diseased orbits compared to orbital tissue from control animals (Fig. 4a, Supporting information, Fig. S4e,f) . Thyroid stimulating antibodies (TSAbs) measured in bioassay for cyclic adenosine monophosphate (cAMP) production using stably transfected mouse TSHR expressing Chinese hamster ovary (CHO) cells. TSAb activity (pmol/ml cAMP) in individual mouse serum is shown, together with serum from control b-Gal mice. The mouse TSHR A-subunit-immunized group (labelled mTSHR) was significantly different in TSAb activity from the control group (labelled b-Gal); ****P 0.0001 (t-test). (b) Serum antibodies to human TSHR were measured using human TRAK assay, which uses luminescence-labelled (acridium derivative) bovine thyroid-stimulating hormone (bTSH) as competitor (Thermo Fisher BRAHMS TRAK human LIA) with 100 ml diluted serum (diluted 1 : 3 with normal human serum). The y-axis shows % inhibition of tracer binding to immobilized human TSHR in the test. Individual sera from the mouse TSHR A-subunit-immunized group showed low levels (< 25%) of % inhibition of tracer binding considered to be in the 'grey' zone, which was in the same range as control b-Gal animal serum. As a positive control, serum from human TSHR A-subunit mice (labelled hTSHR) (from a different experimental group) showed high levels (> 80%) of inhibition of tracer binding to immobilized human TSHR in the assay. Further examination of orbital adipogenesis was evaluated by UCP-1 expression by IHC for quantitating brown/ beige adipose tissue (BAT) (Fig. 4b-d) . The significantly elevated UCP-1 positive BAT was shown to be present in the total orbital adipose tissue of mice undergoing GO compared to control b-Gal mice (Fig. 4b) . Notably, the total area of adipose tissue in orbit remained unchanged, suggesting that white orbital tissue (WAT) was being replaced by BAT during orbital pathogenesis. It is also important to highlight that the two different techniques of MR imaging and UCP-1 staining of orbital tissue used in this study provide different information on quantitative aspects of adipogenesis in animals undergoing GO. Thus, quantitation of MR imaging indicates total fat expansion in the orbit without distinguishing between WAT and BAT, but UCP-1-stained sections provide quantitation of percentage of BAT and WAT in the orbital tissue. Overall, quantitation of total adipogenesis in the orbit by both methods give comparable results (Fig. 4a) .
Changes in orbital muscle. We further examined for evidence of disease orbital muscles in H&E sections by studying inferior rectus and medial rectus muscle in all immune . The whole area of the muscle did not show any statistically significant difference (data not shown). Measuring the single muscle fibres from all animals in the study group, there were statistically significantly increased mean areas of muscle fibres in mouse TSHR-immunized mice in comparison to control mice (Fig. 5a-c) . Moreover, analysis of the 75th percentile (218 mm 2 ) of orbital muscle fibres revealed that mouse TSHR-immunized mice have a higher number of thicker muscle fibres (> 218 mm 2 ) than control animals as a sign of inflammation (Fig. 5d) .
Clinical evidence of disease. Eye signs examined daily for 5-6 days every week during the immunization period and 6 weeks after the end of immunization did not show any GO typical changes in the eyes of b-Gal control mice, while all mouse TSHR-immunized mice showed eye signs (acute inflammation, proptosis or chronic disease) 10 times or more often during the whole time (Supporting information, Fig. S5a-d) . The earliest inflammation was shown after the second immunization step.
Summary of orbital disease. In summary, analyses of orbital inflammation and adipogenesis in mouse TSHR immune animals by IHC and MR imaging studies show increased inflammation and adipogenesis in the orbital tissue of BAT compared to control b-Gal animals. Importantly, orbital inflammation was restricted to orbital muscle and optic nerve tissue, while orbital adipose tissue showed no difference in inflammatory signs in comparison to control b-Gal animals. Orbital muscle showed thicker muscle fibres as a sign of inflammation, and clinical signs of inflammation shown as eye signs in mouse TSHR-immunized mice could also be evaluated. 
Discussion
In this study, we show that immunization by electroporation of homologous mouse TSHR A-subunit plasmid provides sufficiently strong stimulus to break self-tolerance for induction of autoimmune disease. Graves' disease was confirmed by characteristic histopathology of hyperplastic glands without follicular destruction or fibrosis, which was absent in control b-Gal-immunized animals. Moreover, the induced 'hyperthyroidism' was accompanied by tissue remodelling by orbital muscle inflammation and changes in adipose tissue. With some exceptions, attempts to induce autoimmune Graves'-like hyperthyroidism with mouse TSHR cDNA constructs have proved difficult. The most efficient mouse model for Graves' disease is dependent upon immunization with the adenovirus-expressing human TSHR A-subunit [10] . In this model, the antibodies induced to human TSHR cross-react with endogenous mouse TSHR, leading to stimulation of the thyroid gland with resulting autoimmune hyperthyroidism. In contrast, immunization with adenovirus expressing the corresponding region in mouse TSHR A-subunit failed to induce disease in different inbred strains of mice [12] . Additional manipulations such as depletion of the regulatory T cell (T reg ) population of CD4 T cells had negligible effects on disease induction [12] . Another novel approach has used genetic knock-out (KO) mice deficient in mouse TSHR in conjunction with adoptive transfer to develop an autoimmune model of Graves' hyperthyroidism and GO, together with the presence of infiltrating macrophages in the orbital adipose tissue and muscle in a small number of immune animals [14] . Our data on antibodies induced to mouse TSHR in our mouse TSHR A-subunit plasmid electroporation model show similarities and differences from those arising in genetic KO models [14] . In the latter study, the induced anti-mouse TSAbs were detectable more readily by bioassay with mouse TSHR-transfected CHO cells rather than with human TSHR-transfected CHO cells, although there was an apparently wide variability in the detection of the TSAbs in each of these transfected CHO cells [12] . These data are in marked contrast to the anti-mouse TSHR antibodies induced in our model, as they fail to cross-react with human TSHR using two different assay systems. The data suggest that the antibody repertoire of autoantibodies to mouse TSHR generated by inducing breakdown of selftolerance in our model may differ from those autoantibodies that arise when tolerance is not breached immunologically, as occurs in KO animal models.
Why genetic delivery of mouse TSHR A-subunit plasmid by electroporation is more efficient in the induction of selfautoimmunity than delivery by adenovirus can only be speculated. Our understanding of the outcome of genetic delivery by intramuscular injection suggests that migrating skin and mucosal dendritic cells (DCs) endocytose plasmid to express processed peptides on major histocompatibility complex (MHC) classes I and II molecules for presentation to T cells in germinal centres of local lymph nodes to initiate an immune response [22, 23] . It is possible that the use of a highly efficient eukaryotic expression plasmid (pTriEx1.1neo), together with a synthetic gene coding for mouse TSHR A-subunit that has been optimized specially for mouse codon usage with added Kozak sequence and RNA instability motif to improve translation, results in vivo in higher levels of expression of mouse TSHR. This, in a combination of efficient electroporation delivery of the plasmid, leads to increased levels of processed mouse TSHR A-subunit peptides displayed on MHC molecules in DCs which may overcome peripheral tolerance to activate autoreactive T and B cells leading to self-autoimmunity in the model [24] .
A variant of mouse TSHR with a 25 amino acid deletion (mouse TSHR739) representing exon 5 has been described. Interestingly, similar shorter variants of TSHR have been described in human thyroid tissue [25] . Plasmid immunization of the shorter mouse TSHR variant results in the induction of self-autoimmunity [15] . This remarkable result suggests that immune tolerance to mouse TSHR may be focused predominantly on a minimal region of 25 amino acids encoded by exon 5 of the receptor to prevent autoimmunity. Until the model with mouse TSHR739 plasmid immunization is verified independently, this searching question remains open.
There were some other notable parameters in the selfantigen mouse TSHR A-subunit model of GO that were observed in this study. Earlier, we reported on a large proportion of UCP-1-positive BAT in the retrobulbar tissue of several mice strains [26] . Notably, the BAT co-expressed high levels of TSHR, suggesting the BAT to be prone to the TSHR-directed autoimmune attack [27] . We observed in quantitative studies that orbital adipogenesis in the model was accompanied by an increase in BAT, but the total amount of adipose tissue in the orbit was shown to remain at steady and comparable levels during disease progression by different techniques of MR imaging and UCP-1 staining by IHC. This finding provides compelling evidence that disease progression in the GO model resulted in a progressive replacement of white by brown adipose tissue. The basis for white-brown replacement in the orbital tissue in the model may be dependent upon pathogenic TSAbs, T3 hormone or local inflammatory stimuli from infiltrating cells during disease progression [28] [29] [30] . Although it has been argued as an expression of white-brown transdifferentiation, generation of brown adipose tissue from orbital stem cells cannot be ruled out. Another important observation in the mouse TSHR A-subunit model was the increase in size and thickening of muscle fibres in the orbital tissue of GO mice. This unique finding suggests that the mouse TSHR A-subunit model, where during disease progression the orbital adipose content remains at steady levels, the muscle fibre hypertrophy is reminiscent of human orbital disease subset, manifested by an increase in orbital muscle, rather than an increase in orbital adipose tissue, for pathogenesis of GO.
Studies in human and mouse models indicate maintenance of self-tolerance to TSHR to prevent Graves' autoimmune disease to be mediated primarily by central tolerance operating in the thymus [25, [31] [32] [33] [34] . In humans, loss of immune tolerance to TSHR occurs in genetically susceptible individuals in association with environmental factors resulting in the onset of Graves' disease and extrathyroidal complications of Graves' orbitopathy [35] . When central tolerance is compromised to TSHR in Graves' disease, this can lead to activation of the adaptive immune system of T and B cells to an endogenous receptor expressed in the thyroid gland and other tissues in genetically susceptible individuals. We have a detailed understanding of T and B cell tolerance mechanisms operating in thymus and bone marrow, respectively, as well in the periphery, that results collectively in the prevention of autoimmune disease [36] [37] [38] [39] . Central tolerance in the thymus is regulated principally by a transcription factor termed 'autoimmune regulator' and encoded by the autoimmune regulator (AIRE) gene, which allows expression of thousands of self-antigen peptides in medullary thymic epithelial cells (mTECs) that specialize in promiscuous gene expression [40] . The display of tissue-specific antigens (TSAs) on mTECs allows developing T cells with potential self-reactivity to recognize the MHC-associated self-antigen peptides to undergo deletion by a process known as negative selection. Low-affinity, self-reactive T cells that escape negative deletion and emigrate to the periphery are then restrained by a variety of peripheral tolerance mechanisms including active suppression by T reg cells. The mechanisms for maintaining central tolerance to TSHR are not understood completely, but recent studies show that AIRE may not be a critical factor for tolerance to the receptor to prevent Graves' hyperthyroid disease [41, 42] . With TSHR acting as an AIRE-independent TSA, it is possible that non-AIRE transcription factors in the thymus [39, 43, 44] or factors regulating B cell tolerance in the bone marrow [45] are involved in regulating central tolerance to TSHR to prevent autoimmune disease.
With limited knowledge on thymic central tolerance regulation of TSHR to prevent autoimmunity, it is unclear how immune tolerance may be breached leading to hyperthyroidism in Graves' disease. One consensus model deals with an inciting infectious agent displaying cross-reactive determinants to TSHR which, in combination with other underlying factors, increases the risk of autoimmunity in Graves' disease [46] . Another recent model developed by Pujol Borrell and colleagues has focused attention on the developing thymocytes as the critical mediators for loss of tolerance to TSHR [47] . Immature thymocytes have been shown to express high levels of TSHR, which is functional with the capacity to respond to stimulation by TSH or TSAbs by initiating intracellular signalling events. This has led to the proposal that continuous stimulation of thymocyte TSHR during T cell maturation results in strong 'help' from a recently identified population of CD4 helper T cells, called T follicular helper cells (Tfh cells) to low-affinity TSHR cross-reactive B cells in germinal centres of draining lymph nodes. The gradual increase in affinity of TSAbs for TSHR in the right genetic background and environmental exposure is sufficient for the onset of Graves' hyperthyroid disease [48] . This exciting model is plausible, as it neatly explains the unique origins and maturation of high-affinity pathogenic TSAbs in Graves' disease [46] .
In conclusion, we show that immunization by electroporation of mouse TSHR A-subunit plasmid in female BALB/ c mice provides a bona fide autoimmune model for experimental Graves' thyroid disease accompanied by orbital pathology resembling the human condition. The availability of a self-antigen mouse TSHR A-subunit model for autoimmune Graves' disease will allow studies to investigate mechanisms of tolerance to TSHR and evaluation of novel therapeutic options for curing hyperthyroidism and orbital manifestations in a faithful autoimmune model. 
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Additional Supporting information may be found in the online version of this article at the publisher's web-site: Fig. S1 . In-vitro expression of pTRiEx1.1 neo-mouse thyroid stimulating hormone receptor (TSHR) A-subunit plasmid. The result was statistically not significant, but showed an overall increase in deposition of adipose tissue (Fig. 3) . 
